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 27 
Abstract 28 
Compounds from the nanotechnology industry, such as carbon-based nanomaterials, are strong 29 
candidates to contaminate aquatic environments because their production and disposal have 30 
exponentially grown in a few years. Previous evidence shows that fullerene C60, a carbon 31 
nanomaterial, can facilitate the intake of metals or PAHs both in vivo and in vitro, potentially 32 
amplifying the deleterious effects of these toxicants in organisms. The present work aimed to 33 
investigate the effects of fullerene C60 in a Danio rerio (zebrafish) hepatocyte cell lineage exposed 34 
to benzo[a]pyrene (BaP) in terms of cell viability, oxidative stress parameters and BaP intracellular 35 
accumulation. Additionally, a computational docking was performed to investigate the interaction of 36 
the fullerene C60 molecule with the detoxificatory and antioxidant enzyme πGST. Fullerene C60 37 
provoked a significant (p<0.05) loss in cellular viability when co-exposed with BaP at 0.01, 0.1 and 38 
1.0 µg/L, and induced an increase (p<0.05) in BaP accumulation in the cells after 3 and 4 hours of 39 
exposure. The levels of reactive oxygen species (ROS) in the cells exposed to BaP were diminished 40 
(p<0.05) by the fullerene addition, and the increase of the GST activity observed in the BaP-only 41 
treated cells was reduced to the basal levels by co-exposure to fullerene. However, despite the 42 
potential of the fullerene molecule to inhibit π GST activity, demonstrated by the computational 43 
docking, the nanomaterial did not significantly (p>0.05) alter the enzyme activity when added to 44 
GST purified extracts from the zebrafish hepatocyte cells. These results show that fullerene C60 can 45 
increase the intake of BaP into the cells, decreasing cell viability and impairing the detoxificatory 46 
response by phase II enzymes, such as GST, and this latter effect should be occurring at the 47 
transcriptional level. 48 
 49 
Keywords: nanotoxicology; BaP; synergistic effect; delivery; GST. 50 
 51 
 52 
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1. Introduction 53 
The fate of products and effluents from the nanotechnology industry has been a growing 54 
matter of concern because their production and disposal have exponentially risen in the last few 55 
years (Kahru and Dubourguier, 2010). The current data about the actual risks to humans and to the 56 
environment are not conclusive, and this is mainly due to the lack of information concerning their 57 
mechanisms of toxicity, actual concentrations and chemical behavior in the environment (Christian 58 
et al., 2008; Aschberger et al., 2011). However, the novel chemical and physical properties arising 59 
from the nanoscale greatly enhance the reactivity of the nanoparticles with biomolecules, making 60 
the nanomaterials potentially toxic and capable of harming the environment (Kahru and 61 
Dubourguier, 2010). On the other hand, it must also be considered that some works show low 62 
toxicity levels of carbon nanomaterials (such as fullerenes) in fish, at least with respect to oxidative 63 
stress parameters (Fraser et al., 2011; Henry et al., 2011).  64 
 Despite the debate concerning the actual toxicity level of the nanomaterials, especially in the 65 
aquatic environment, there is a consensus that nanomaterials may potentially affect biological 66 
systems not only per se, but also through interaction with other compounds (Christian et al., 2008; 67 
Henry et al., 2011). Considering their high reactivity, a question arises about what can happen when 68 
nanomaterials are in the presence of other toxic molecules. One of the first attempts to investigate 69 
this issue was conducted by Limbach et al. (2007), who measured the oxidative stress in human 70 
lung epithelial cells induced by nano-silica doped with a number of metals. This study found higher 71 
damage in the treatments with cobalt- and manganese-doped silica nanoparticles than in metals or 72 
silica alone. Because nano-silica facilitated the uptake of the metals by the cells, this mechanism 73 
was so-called the “Trojan horse” effect. This type of delivery mechanism displayed by 74 
nanomaterials has been investigated in a few additional nanotoxicological studies, mainly with 75 
metallic nanoparticles. For example, Fan et al. (2011) showed that nano-TiO2 enhanced copper 76 
bioaccumulation and toxicity in the crustacean Daphnia magna, even at low nanomaterial 77 
concentrations. It was also found that nano-TiO2 enhanced arsenate toxicity in Ceriodaphnia dubia 78 
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(Wang et al. 2011) and, when doped with the lanthanide Ce(IV), it caused deformation in the cell 79 
morphology of a human hepatocyte cell line (Mao et al. 2010).  80 
Studies investigating co-exposure with carbon-based nanocompounds, such as nanotubes and 81 
fullerenes, are less common. Fullerene C60 is a worldwide produced nanomaterial with a unique 82 
cage-like molecular structure made solely of carbon. Although highly hydrophobic, due to its 83 
electronic configuration it can form strong C60-H2O bonds when in colloidal water suspensions 84 
(Andrievsky et al. 2002; Khokhryakov et al. 2006), resulting in stable nano-aggregates that can 85 
promote deleterious effects in biological systems (Murdock et al. 2008; Ehrenberg et al. 2009).  86 
C60 has been widely investigated in terms of the chemical and physical interactions with a 87 
range of molecules and devices looking for applications as nano-probes, nano-sensors and nano-88 
electrodes (Nakashima et al. 1998; Cho et al. 2005; Goyal et al. 2005) and in medicine (Partha et al. 89 
2008; Pinteala et al. 2009; Ganji et al. 2010; Tarabukina et al. 2010; Adini et al. 2011; Santos et al. 90 
2011). Despite being poorly studied, the uptake rate and toxicity of other environmental 91 
contaminants seem to be somehow affected when co-exposed to fullerene. Baun et al. (2008) 92 
indicated that co-exposure with fullerene C60 enhanced the toxicity of phenanthrene to the 93 
microcrustacean Daphnia magna and to the algae Pseudokirchneriella subcapitata. This was due, at 94 
least in part, to the high adsorption of phenanthrene molecules onto C60 nano-aggregates, which 95 
facilitated phenanthrene uptake. Similarly, Costa et al. (2012) observed that arsenic (As
III
) uptake 96 
was higher in zebrafish hepatocytes co-exposed to fullerene (1 mg/L). 97 
Among the polycyclic aromatic hydrocarbons (PAHs), benzo[a]pyrene (BaP) is one of the 98 
most important due to its ubiquitous presence in most environments. It is produced mainly during 99 
the incomplete combustion of organic matter and in cigarette smoke (Rose and Levi 2004). It is also 100 
a carcinogen and mutagen toxicant and reactive oxygen species (ROS) generator (Sasco et al. 2004; 101 
Naspinski et al. 2008). Its detoxification process includes metabolization by phase I enzymes that 102 
can produce electrophilic epoxides that can readily bind to DNA (Walker et al. 2001). BaP 103 
contamination can be harmful through the generation of oxidative stress (Palanikumar et al. 2012), 104 
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the inhibition of retinoids synthesis (Alsop et al. 2007) and the formation of DNA adducts (Kurelec 105 
et al. 1991). The exposure of cultured cells to BaP can also cause changes in gene expression 06 
(Castorena-Torres et al. 2008), oxidative impairment (Winzer et al. 2001) and an increase of the 107 
carcinogenic risk by interaction with 17<beta>-estradiol (Chang et al. 2007), among many other 108 
deleterious effects. 109 
 In order to investigate the influence of fullerene C60 upon the toxicity of an important 110 
environmental contaminant, such as BaP, the present work aimed to assess the oxidative stress 111 
parameters, cell viability and bioaccumulation of BaP in ZF-L cells, an established culture of 112 
hepatocytes from the zebrafish Danio rerio (Cyprinidae). This cell lineage was hosen because 113 
Danio rerio is a highly suitable biological model widely used in toxicology, including in studies 114 
with nanomaterials (Fako and Furgeson, 2009; Costa et al, 2012). Additionally, an in silico study 115 
was performed by computational docking to verify the hypothesis of the interaction of the fullerene 116 
C60 molecule with the antioxidant and phase II detoxificatory enzyme glutathione-S-transferase 117 
(GST). 118 
 119 
 2  Material and Methods 120 
  121 
 2.1  Preparation of the chemicals 122 
 2.1.1  Preparation and characterization of C60 suspension 123 
 In order to produce a homogeneous suspension of C60 nanoparticles, two hundred milligrams 124 
of fullerene C60 in powder form (99% purity, SES Research - USA) was added to 1 liter of ultra-125 
pure Milli-Q water and stirred for two months under artificial light. After this period, the suspension 126 
was centrifuged at 25,000 x g and 15 ºC for 1 hour to remove the bigger aggregates and was then 127 
sequentially filtered by 0.45 and 0.20 µm nylon membranes. This methodology was based on the 128 
work of Lyon et al. (2006) where no organic solvent was employed because these solvents can 129 
release residual degradation products that affect the toxicity of the nanomaterial (Henry et al., 130 
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2007). The concentration of the suspension was determined by measurement of the total organic 131 
carbon content in a total organic carbon analyzer (TOC-V CPH – Shimadzu Corp. - Japan). The 32 
characterization of the C60 suspension was performed by transmission electron microscopy (TEM) 133 
in a JEOL JSM 1200 EX II transmission electron microscope operating at 100 kV. For the TEM, 134 
aliquots of the C60 suspension (10µl) were disposed onto 300 mesh TEM grids (SPI) that were 135 
coated with Formvar. The analysis was performed after 24 h to allow sample evaporation, according 136 
to previous studies (Britto et al., 2012; Costa et al., 2012; Ferreira et al., 2012). As previously 137 
reported for C60 suspensions prepared using the water-stirring method without the addition of 138 
organic solvents (Lyon et al. 2006; Britto et al., 2012; Costa et al., 2012; Ferreira et al., 2012), the 139 
ubiquitous presence of fullerene nano-aggregates in the nanometer range were seen in the C60 140 
suspension analyzed by TEM (Figure 1). 141 
 142 
 2.1.2  Preparation of BaP solutions 143 
 BaP solutions ranging from 0.01 to 10.00 µg/mL were obtained by dissolving 144 
benzo[a]pyrene (Fluka, purity  96%) in dimethyl sulfoxide (DMSO) (Synth, Brazil). The final 145 
concentration of DMSO in contact with the cells was 1% since Filgueira et al. (2007) showed that 146 
this DMSO concentration was not deleterious for an erythroleukemic cell line. In addition, the 147 
DMSO control group showed no effects in the analyzed variables (see Results). 148 
 149 
 2.2  Maintenance of the hepatocytes 150 
Zebrafish hepatocytes (ZF-L lineage) purchased from the American Type Culture Collection 151 
(ATTC) were maintained in culture flasks with 10 mL of RPMI 1640 (Gibco) medium 152 
supplemented with 10% fetal bovine serum and a 1% antibiotic/antimycotic cocktail (streptomycin, 153 
amphotericin and penicillin) at 28 °C. For the exposure assays, cells were initially removed from 154 
the flasks with 0.125% trypsin, washed with phosphate buffered saline (PBS) and transferred to 24-155 
well culture plates (0.5 mL per well, 10
6
 cells/mL) to settle down and adhere. After 24h, the cells 156 
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were carefully washed with PBS and exposed to the treatments.  157 
 58 
 2.3  Experimental design and procedure 159 
 All exposures were performed with at least 10
6
 cells/mL in a final volume of 400 µl per well 160 
(toxicants or vehicles plus RPMI medium), with four wells per treatment at 28 °C over 4 h. After 161 
this period, the cells were washed with PBS to remove the toxicants, and the estimation of the 162 
number of cells was performed, as well as the cell viability assay (see next section). Initially, some 163 
assays were conducted with a range of concentrations of both C60 (0.1, 1.0 and 10.0 mg/L) or BaP 164 
alone (from 0.01 to 10.0 µg/L) in order to determine the optimal concentrations for which the cell 165 
viability was not altered. Because none of the fullerene concentrations altered the cell viability (see 166 
Results section) and considering previous exposure studies (Costa et al. 2012), the concentration of 167 
1.00 mg/L of C60 was chosen for the further co-exposures with BaP. BaP concentrations of 0.01, 168 
0.10 and 1.0 µg/L were chosen for the subsequent exposures because they did not impair hepatocyte 169 
viability. Control groups included a Milli Q water control (the solvent of the fullerene suspensions) 170 
and a DMSO control (BaP solvent) at a final concentration of 1%.  171 
 172 
 2.4  Estimation of number of cells and viability assays 173 
 Four control wells (800 µl of cell suspension) from the 24-well plate were pooled and 174 
diluted with RPMI medium to obtain aliquots of 100%, 75%, 50% and 25% of the original cell 175 
suspension. After that, the cells were counted in an optical light microscope, and 200 µl of the 176 
dilutions were read in duplicate at 630 nm with an ELISA microplate reader (Biotek Elx 800). The 177 
absorbance values were then fitted to the respective number of cells previously counted in the 178 
microscope, and a standard curve was made to estimate the number of cells of the treatments after 179 
reading at 630 nm (Costa et al. 2012).  180 
 The technique of intracellular reduction of 2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-181 
tetrazolium bromide (MTT) to formazan by mitochondrial dehydrogenase activity was employed 182 
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for the cell viability measurement. Aliquots of 20 µl of cell suspensions were added in 96-well 183 
plates and incubated for 30 min in the dark at 28 ºC with 20 µl of a 12 mM MTT solution. 84 
Following the incubation, the plate was centrifuged for 7 min at 1,100 rpm, the supernatant was 185 
discarded and 200 µl of DMSO was added to dissolve the blue formazan crystals. Finally, the 186 
samples were read at 490 nm in an ELISA microplate reader. The absorbance values were 187 
considered as a measure of dehydrogenase functionality and, therefore, an indirect cell viability 188 
parameter (Costa et al. 2012). 189 
 190 
 2.5  Determination of the ROS concentration 191 
 Following the exposure, the hepatocytes were centrifuged at 600 x g for 5 min at 10 ºC, the 192 
supernatant was discarded and the cells were re-suspended in a solution with 40 μM of the 193 
fluorescent probe 2,7′dichlorodihydrofluorescein diacetate (H2DCF-DA, Invitrogen) in PBS. 194 
Immediately, the cell suspension was transferred to a white 96-well microplate (160 μl per well in 195 
triplicate) and read in a microplate reader fluorimeter (Victor 2, Perkin Elmer) at wavelengths of 196 
485 and 520 nm for the excitation and emission, respectively. The ROS concentration was 197 
expressed in terms of fluorescence area resulting from the integration of the fluorescence values 198 
between 0 and 70 min after fitting to a second order polynomial. The ROS area was fitted to the 199 
estimated cells number in each treatment (Costa et al. 2012). 200 
  201 
 2.6  Glutathione-S-transferase (GST) activity assay 202 
 The activity of the phase II enzyme GST was determined through the monitoring of a 203 
conjugate formed by 1 mM of reduced glutathione (GSH) and 1 mM of 1-chloro-2,4-dinitrobenzene 204 
(CDNB) (Sigma) in the presence of 100 μl of cell extract in PBS at 340 nm (Habig and Jakoby, 205 
1981). The results were expressed as nanomoles of GSH-CDNB conjugate/min/mg protein at 25 °C 206 
and pH 7.40. The total protein content was assessed through a commercial kit (Doles, Brazil) based 207 
on the pirogalol method. 208 
Page 9 of 35
Ac
ce
pte
d M
an
us
cri
pt
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 209 
 2.7  Quantification of the BaP concentration in the BaP working solutions 210 
 The PAH analyses were conducted using a gas chromatograph coupled with a mass 211 
spectrometer (Perkin Elmer
®
 Clarus 500 – GC-MS) and equipped with an Elite-5MS silica capillary 212 
column (Perkin Elmer
® 
5% phenyl-95% methylpolysiloxane; 30 m x 0.25 mm, 0.25 µm film 213 
thickness). The injector was kept at 280 °C in splitless mode. The temperature program started at 40 214 
°C, increased at a rate of 10 °C min
-1
 to 60 °C, then increased at 5 °C min
-1
 to 290 °C, was 215 
maintained at 290 ºC for 5 minutes and then increased at 10 °C min
-1
 to 300 °C and was held 216 
constant for 10 minutes. Helium was used as the carrier gas (1.5 mL min
-1
). The MS operating 217 
conditions were: interface at 290 °C, ion source at 200 °C and electron energy of 70 eV. The data 218 
were acquired under selected ion monitoring (SIM) mode. Compound identification was based on 219 
the individual mass spectra and the GC retention time in comparison to literature, library data, and 220 
authentic standards. Standards were injected and analyzed under the same conditions as the 221 
samples. The limit of detection (LOD) of BaP was in the range of 1.75 ng mL
−1
, and the limit of 222 
quantification (LOQ) was 5 ng mL−1. The procedure was checked for recovery efficiencies by 223 
analyzing uncontaminated samples spiked with BaP standards. The average recoveries (n=5) ranged 224 
from 88% to 101%. PAH surrogate standards (p-therphenyl-d14) were added to all samples to 225 
monitor the procedures of sample extraction, recovery and analysis. The average recoveries of the 226 
surrogate standards added samples varied from 91 % to 117%. One laboratory blank and one 227 
duplicate were run with every 10 samples. The coefficient of variation of the BaP concentrations in 228 
the duplicates was less than 15%. Still, to evaluate the precision of the analysis, two replicates of 229 
the samples were analyzed. The relative standard deviation (RSD) of the replicates varied between 230 
2 and 5%. Regular analyses of the reference material from the International Atomic Energy Agency 231 
Analytical Quality Control Services (Organic Contaminants in Marine Sediment - IAEA-417) and 232 
semiannual participation in the intercomparison exercises promoted by the Canadian Association 233 
for Laboratory Accreditation (CALA) have shown satisfactory quality control. The measured 234 
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concentrations confirmed that the nominal concentration (1,000 ng/mL) was within 1,018±30.0 235 
ng/mL. 236 
 237 
 2.8  Estimation of BaP intracellular accumulation  238 
 The BaP (or its metabolites) intracellular accumulation (1.0 μg/L) over time (1, 2, 3 and 4 h 239 
of incubation) with and without co-exposure to C60 (1.0 mg/L) was assessed following the protocol 240 
described by Filgueira et al. (2007). The readings were performed after washing the cells with PBS, 241 
and aliquots of 160 μL were put in a white 96-well plate to read in a fluorimeter at the wavelengths 242 
of 340 and 450 nm for excitation and emission, respectively. 243 
 244 
 2.9  In silico assay of the interaction of fullerene C60 molecule with π GST  245 
 Due to the results obtained in the GST activity assay (see Results section), a mathematical 246 
simulation (computational docking) of the interaction between the molecules of C60 and GST was 247 
performed to investigate the potential affinity of the fullerene C60 for GST enzyme, which could 248 
interfere with the enzymatic activity. For this simulation, the class pi mitochondrial GST (π GST) 249 
was chosen as the model for the C60 docking. This isoform was selected due to the high number of 250 
mitochondria present in hepatocytes, the availability of computational data from a mouse liver π 251 
GST, which possess a good analogy with the zebrafish π GST, and the recent evidence of the role of 252 
π GST in BaP detoxification in zebrafish (Garner and Di Giulio, 2012). The docking simulations of 253 
the fullerene with mouse liver π GST complexed with S-(P-nitrobenzyl) glutathione (PDB code 254 
1GLQ) were performed using AutoDock Vina 1.1.1 [1] followed by redocking with AutoDock 255 
4.0.1. Before the simulations, the inhibitor S-(P-nitrobenzyl) glutathione was removed from the 256 
structure, and the enzyme was geometrically optimized using the Universal Force Field (UFF) 257 
implemented in the Avogadro 0.9 software. The fullerene molecule was constructed in Avogadro, 258 
and its geometry was optimized using UFF. The enzyme was kept in its catalytic (dimeric) form. 259 
AutoDock Tools was used to create the inputs in the .pdbqt format for the simulations in AutoDock 260 
Page 11 of 35
Ac
ce
pte
d M
an
us
cri
pt
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Vina. A second docking was made using AutoDock to confirm the data obtained by AutoDock Vina. 261 
The entire system was considered for the simulations. The grid box was centralized at the 262 
coordinates x = 63.504, y = 18.195 and z = 5.743, with dimensions of 60, 60 and 60 Å using a 263 
spacing of 1 Å and the exhaustiveness set to 50. All other parameters were used as defaults. The 264 
conformation with the lowest binding free energy was accepted as the best affinity model. The 265 
conformations and interactions were analyzed using the software Accelrys Discovery Studio 266 
Visualizer 2.5 and PyMOL. A redocking was conducted using the S-(P-nitrobenzyl) glutathione to 267 
validate the method. In this case, the molecule was successfully positioned at a similar position to 268 
the crystallographic conformation, with an RMSD less than 1.  269 
 270 
 2.10  Verification of the effect of C60 on the activity of GST in purified extracts  271 
 Based on the results from the docking assay, and in order to investigate whether the 272 
modulation of GST activity observed in the treatments BaP+C60 was induced by the direct 273 
interaction of the nanomaterial with the enzyme (see Results section), an in vitro assay was run in 274 
which the GST activity was measured in GST purified extracts previously exposed to C60. The 275 
purified extracts of GST from ZF-L cells were obtained through a commercial kit (MagneGST
®
, 276 
Promega), and the procedure was followed according to manufacturer's instructions. The method is 277 
based on the binding of glutathione-conjugated magnetic particles with GST enzymes present in the 278 
samples, which allows for the separation of these enzymes from the rest of the cellular extract. Once 279 
the purified extracts were obtained, an exposure assay was performed in which the GST extracts 280 
were mixed with 10 mg/L fullerene C60 over 4 h at 28 ºC in the absence of light. After the exposure, 281 
a GST activity assay was performed identically to the method described in Section 2.6. 282 
 283 
 2.11  Statistical analysis 284 
 Data from all assays were analyzed by means of ANOVA (Zar, 1984) after the verification of 285 
normality and homogeneity of variances; if even one of the assumptions was violated, mathematical 286 
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transformations were applied. Post-hoc comparisons among the treatments were performed through 287 
the Newmann-Keuls method, and a significance level of 0.05 was adopted for all steps of the 288 
analysis. 289 
 290 
 3  Results 291 
 Because the cell viability was not significantly (p>0.05) reduced by any of the three tested 292 
C60 aggregates (Figure 2a), and based on previous evidence of oxidative balance disturbance in 293 
fish, both in vivo (Oberdörster 2004) and in ZF-L cultured cells (Costa et al. 2012), a concentration 294 
of 1.0 mg/L was adopted for the subsequent co-exposures with BaP. BaP, however, was capable of 295 
reducing cell viability (p<0.05) at 10.0 μg/L (Figure 2b), thus the concentrations of 0.01, 0.1 and 296 
1.0 μg/L were chosen for co-exposure to C60. At those BaP concentrations, fullerene C60 297 
significantly (p<0.05) lowered the cell viability during co-exposure experiments (Figure 3). 298 
 299 
The exposure to 1.00 μg/L of BaP resulted in an augmented intracellular accumulation of 300 
BaP (or its metabolites) in ZF-L cells only when co-exposed to fullerene C60 (Figure 4a). The 301 
longer the incubation time was, the higher the accumulation values (p<0.05). Figure 4b shows the 302 
fluorescence units in the blank samples (without cells), demonstrating that C60 did not interfere 303 
(p>0.05) with the readings at the wavelengths used for the BaP accumulation measurements.   304 
Figure 5 shows the levels of intracellular ROS of the exposed ZF-L cells. The BaP-only 305 
treatments did not significantly (p>0.05) increase the ROS generation when compared to the 306 
respective controls. On the contrary, the co-exposure with C60 decreased (p<0.05) the basal ROS 307 
level. 308 
The activity of the phase II enzyme GST increased (p<0.05) after exposure to 0.10 and 1.00 309 
μg/l of BaP (Figure 6). However, the co-exposure to C60 reversed the GST activity to its basal 310 
levels despite the presence of BaP.  311 
Figure 7 shows a 3D representation from the docking simulation of the C60 in the π GST 312 
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molecule. The results showed that the fullerene C60, in its more stable conformation (Gibbs free 313 
energy: -11.5 kcal/mol), was situated at a region of the enzyme postulated as the binding site of 314 
HEPES, near the C-terminal region between the elements β2 and α1. This region, due to the 315 
presence of the amino acids Arg18, Ala22, Trp28 and Phe192, produces a hydrophobic surface that 316 
favors fullerene binding stabilization through Van der Waals forces (Figure 7b). Moreover, the data 317 
revealed that fullerene acts via three cation-π type interactions with the residual Lys188, and such 318 
interactions seem to be the main force contributing to the affinity of the nanomaterial with the 319 
HEPES binding site of π GST.  320 
 The exposure of the ZF-L purified extracts to 10 mg/L of C60 for 4 h had no effect on the 321 
GST activity (p>0.05). The Control groups produced 12.95 ± 4.38 nanomoles of GSH-CDNB 322 
conjugate/min/mg protein, whereas the C60 groups produced 14.13 ± 4.22 nanomoles of GSH-23 
CDNB conjugate/min/mg protein.  324 
 325 
 4  Discussion  326 
 Fullerene toxicity is a controversial issue. Kahru and Dubourguier (2010) compiled fullerene 327 
toxicological data for fourteen organisms and classified this nanomaterial as very toxic, taking into 328 
account the lowest median L(E)C50 values for all test organisms. However, some studies indicate 329 
the absence of fullerene toxicity (i.e., Xia et al. 2010), whereas others considered that ROS 330 
generation by aqueous fullerene suspension is minimal (i.e., Henry et al., 2011). Recently, Trpkovic 331 
et al. (2012) stated that fullerene toxicity can be elicited by ROS-dependent (when photo-excited) 332 
and ROS-independent mechanisms, where the latter is considered to be through cell membrane 333 
damage and/or induction of autophagy. An ROS-independent pathway should be considered 334 
responsible for the cytotoxicity observed in the present study because fullerene and BaP exposures 335 
were performed in incubators in the dark at 28 
o
C.  336 
Yang et al. (2010) raised the possibility of aqueous fullerene suspensions acting similarly to 337 
dissolved organic matter (DOM), changing the bioavailability of toxic molecules (such as PAH). 338 
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This concept was related to the „Trojan horse‟ paradigm first postulated by Limbach et al. (2007). In 339 
addition, Henry et al. (2011) highlighted the potential environmental risk of fullerene due to its 340 
capacity to act as a carrier for other contaminants. However, the “Trojan horse‟ concept needs to be 341 
better studied. The original paper of Limbach et al. (2007) compared the levels of intracellular ROS 342 
between silica nanoparticles containing metals and the corresponding oxides. Other authors, such as 343 
Baun et al. (2008), considered the “Trojan horse‟ effect under the view of the augmented 344 
accumulation of a toxic molecule (as phenanthrene) when co-exposed with a nanomaterial, such as 345 
fullerene, and the toxicological consequences of this co-exposure. The same concept was 346 
considered by Sun et al. (2009), in terms of arsenic accumulation in carp gills after co-exposure 347 
with titanium dioxide nanoparticles, and by Costa et al. (2012) studying arsenic accumulation in 348 
zebrafish hepatocytes after co-exposure to fullerene. Following the postulation of Baun et al. 49 
(2008), the present work demonstrated the deleterious effects and higher accumulation of BaP (or 350 
its metabolites) when co-exposed with fullerene C60 and the consequences in terms of cytotoxicity, 351 
intracellular ROS and detoxification capacity.  352 
 The effects of mixtures of pollutants in the environment are usually hard to predict due to 353 
many factors. This task is even more difficult when nanomaterials are under study in virtue of their 354 
inherent properties, which can amplify or alleviate the toxic effects of other compounds. To the best 355 
of our knowledge, information about the influence of the physical-chemical characteristics of toxic 356 
molecules on nanomaterial interactions is currently lacking. Fullerene C60 has induced loss in cell 357 
viability when co-exposed with BaP, which did not occur with cells treated with BaP only (Figure 358 
3). This result is probably due to the increase of the BaP intracellular accumulation caused by 359 
fullerene C60 (Figure 6). Once a higher BaP concentration is inside the cells, the increasing damage 360 
may lead to the observed loss in the mitochondrial dehydrogenase functionality, as measured by the 361 
MTT assay. This finding is in accordance with the work of Baun et al. (2008), as mentioned above. 362 
Al-Subiai et al. (2012) registered higher genotoxicity in mussel haemocytes when fluoroanthene 363 
and fullerene were co-exposed. However, this is not always true. Yan et al. (2010) reported lower 364 
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histological damage induced by fluoroanthene when co-exposed with fullerene under UV radiation, 365 
and Baun et al. (2008) observed that fullerene did not influence the toxicity of atrazine and methyl 366 
parathion to the algae P. subcapitata and the crustacean D. magna.  367 
The presence of fullerene C60 reduced the intracellular concentration of ROS (Figure 4), 368 
resulting in an antioxidant effect. This may be due to the low number of viable cells in BaP+C60 369 
treatments or to the ability to react with radicals, which is attributed to the C60 molecule 370 
(Andrievsky et al. 2009; Xia et al. 2010). This property is postulated as a non-stoichiometric 371 
reaction, in which a self-neutralization could occur when the molecule is in a hydrated state, and it 372 
could give the observed scavenging characteristics to the nanomaterial (Andrievsky et al. 2009). 373 
Previous studies from our group employing cell suspension from carp Cyprinus carpio brains 374 
registered a reduction of intracellular ROS after 2 h of exposure to 1 mg/L of fullerene, also 75 
showing an antioxidant behavior of an aqueous suspension of this nanomaterial (Acosta et al., 376 
2012). 377 
 The activity of the total GST was raised in the BaP-only treatments, which is a classical 378 
effect of this PAH and is associated to the generation of ROS (Vieira et al. 2008; Palanikumar et al. 379 
2012). Interestingly, co-exposure to C60 hinders this increase, keeping the enzyme activity at the 380 
basal levels (Figure 6), a result that can be deleterious for cell viability (as observed) because of the 381 
lowering of the detoxifying capacity. Moreover, the computational docking showed that the C60 382 
molecule can potentially affect the GST activity because of its affinity for a hydrophobic region of π 383 
GST, which is postulated as an allosteric site of HEPES. Such interaction may alter the C terminal 384 
region of the enzyme, producing conformational changes that can modify the xenobiotic binding 385 
site (Ji et al. 1997). From a toxicological point of view, this evidence is relevant because it 386 
demonstrates that fullerene C60 can induce deleterious effects by impairing important detoxificatory 387 
responses, such as the phase II mechanisms.  388 
 However, the nanomaterial did not affect the enzyme activity in the GST purified extracts of 389 
ZF-L cells, even at a concentration of 10 mg/l. A possible explanation is that, although the molecule 390 
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of fullerene has the potential to inhibit π GST activity, it could not bind to the allosteric site of 391 
HEPES due to the nanoparticle size, which is a consequence of the aggregation state of fullerene 392 
(an aspect not considered in the docking analysis). The lack of effects in the purified extracts in 393 
terms of the inhibition of GST activity contrasts with the cell assays, where a clear inhibition of this 394 
enzyme was observed, suggesting that the deleterious effects of fullerene may be occurring at the 395 
transcriptional level. Schlenk et al. (2008) stated that GST enzymes are more abundant in the liver, 396 
being the π-class homolog the predominant form in cyprinids. In this way, although 1-chloro-2,4-397 
dinitrobenzene (CDNB) is a substrate for several GST isoforms (Schlenk et al., 2008), it is expected 398 
that the measured activity should reflect the catalytic activity of the π isoform when measured in 399 
zebrafish hepatocytes.  400 
 Mashino et al. (2001) proved in a previous study that fullerene functionalized with 401 
carboxylic groups inhibited glutathione reductase, another enzyme that has glutathione as co-402 
substrate. Thus, both the agglomeration of fullerene molecules in the aqueous suspension and the 403 
fact that the nanomaterial was in a non-functionalized form should explain the lack of inhibitory 404 
potency in the assays with purified extracts and suggests indirect toxicity mechanism(s). At the 405 
present, the hypothesis of the role of the fullerene as a down-regulator of GST transcription is being 406 
analyzed at our laboratory.   407 
 408 
 5  Conclusions 409 
  Altogether, the results show that fullerene elicited toxic effects in ZF-L cells by increasing 410 
the intake of BaP, decreasing cell viability and impairing the detoxificatory response by the phase II 411 
enzyme GST. This latter effect probably occurs at the transcriptional level. The potential affinity of 412 
fullerene to π GST needs further investigation, since this isoform is postulated as the predominant 413 
GST class in cyprinids.   414 
 415 
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Figure Captions 638 
 639 
Figure 1. Transmission electron microscopy (TEM) image of fullerene C60 from the suspension 640 
obtained by the solvent-free method. 41 
 642 
Figure 2. Cell viability measurement after 4 h of exposure employing the method of reduction of 643 
MTT by mitochondrial dehydrogenases. C: Milli Q water control. D: dimethyl sulfoxide (DMSO) 644 
control. (a) Percentage of viable cells exposed to fullerene C60 (0.1, 1.0 or 10.0 mg/L). (b) 645 
Percentage of viable cells exposed to BaP (0.01, 0.1, 1.0, or 10.0 µg/L). N= 4 to 16 independent 646 
experiments. 647 
 648 
Figure 3. Absorbance values of MTT reduction in cells treated with BaP (0.01, 0.10 or 1.0 µg/L) 649 
with or without fullerene C60 (1.0 mg/L). C: Milli Q water control. D: dimethyl sulfoxide (DMSO). 650 
Same letters indicate the absence of statistically significant (p>0.05) differences. N= 4 to 8 651 
independent experiments. 652 
 653 
Figure 4. Intracellular accumulation of BaP in ZF-L cells exposed to BaP with or without fullerene 654 
C60 (1.0mg/L). C: Milli Q water control. D: dimethyl sulfoxide (DMSO) control. (a) Accumulation 655 
kinetics of BaP (1.00 µg/L) throughout 4 h of exposure; data are expressed as percentages of the 656 
control group. (b) Fluorescence units from the readings in samples without cells after 4 h of 657 
incubation to BaP (0.01, 0.10 or 1.00 µg/L). Same letters indicate the absence of statistically 658 
significant (p>0.05) differences. N= 3 to 4 independent experiments.  659 
 660 
Figure 5. Reactive oxygen species (ROS) concentration after 4 h of exposure to BaP (0.01, 0.10 or 661 
1.00 µg/L) with or without fullerene C60 (1.0 mg/L). C: Milli Q water control. D: dimethyl sulfoxide 662 
(DMSO) control. Data are expressed as relative fluorescence area adjusted to the number of viable 663 
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cells of each treatment. Same letters indicate the absence of statistically significant (p>0.05) 664 
differences.  N= 3 to 4 independent experiments.  665 
 666 
Figure 6. Specific activity of glutathione-S-transferase (GST) in ZF-L cells exposed for 4 h to BaP 67 
(0.01, 0.10 or 1.00 µg/L) with or without fullerene C60 (1.0 mg/L). C: Milli Q water control. D: 668 
dimethyl sulfoxide (DMSO) control. Same letters indicate the absence of statistically significant 669 
(p>0.05) differences. N= 3 to 8 independent experiments.  670 
 671 
Figure 7. (a) Scheme of pi glutathione-S-transferase (GST) isoform, showing the binding site of 672 
glutathione and the HEPES allosteric site where fullerene C60 showed the highest affinity. (b) 673 
Amino acid residues close to fullerene C60. The model shows the interaction with lysine residue 674 
188. 675 
 676 
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Highlights 
 
– Fullerene C60 and PAH benzo[a]pyrene (BaP) synergistic effects were tested. 
– C60 increased cellular intake of BaP. 
– C60 decreased cell viability and phase II detoxificatory response triggered by BaP. 
– In silico, C60 molecule can inhibit the enzyme glutathione-S-transferase. 
– C60 can increase toxicity of PAHs possibly through delivery mechanisms. 
 
*Highlights (for review)
